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ABSTRACT 17 
The enzymatic production of 2,5-furandicarboxylic acid (FDCA) from 5-hydroxy-18 
methylfurfural (HMF) has gained interest in recent years, as the renewable precursor of 19 
poly(ethylene-2,5-furandicarboxylate) (PEF). 5-Hydroxymethylfurfural oxidases 20 
(HMFOs) form a flavoenzyme family with genes annotated in a dozen bacterial species, 21 
but only one enzyme purified and characterized to date (after heterologous expression of 22 
a Methylovorus sp hmfo gene). This oxidase acts on both furfuryl alcohols and 23 
aldehydes being, therefore, able to catalyze the conversion of HMF into FDCA through 24 
2,5-diformylfuran (DFF) and 2,5-formylfurancarboxylic acid (FFCA), with the only 25 
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 2 
need of oxygen as cosubstrate. To enlarge the repertoire of HMFO enzymes available, 26 
genetic databases were screened for putative hmfo genes, followed by heterologous 27 
expression in Escherichia coli. After unsuccessful trials with other bacterial hmfo genes, 28 
HMFOs from two Pseudomonas species were produced as active soluble enzymes, 29 
purified and characterized. The Methylovorus sp enzyme was also produced and 30 
purified in parallel for comparison. Enzyme stability against temperature, pH and 31 
hydrogen peroxide, three key aspects for application, were evaluated (together with 32 
optimal conditions for activity) revealing differences between the three HMFOs. Also 33 
the kinetic parameters for HMF, DFF and FFCA oxidation were determined, having the 34 
new HMFOs higher efficiencies for the oxidation of FFCA, which constitutes the 35 
bottleneck in the enzymatic route for FDCA production. These results were used to set 36 
up the best conditions for FDCA production by each enzyme, attaining a compromise 37 
between optimal activity and half-life under different operation conditions. 38 
 39 
IMPORTANCE: HMFO is the only enzyme described to date catalyzing by itself the 40 
three consecutive oxidation steps to produce FDCA from HMF. Unfortunately, only one 41 
HMFO enzyme is currently available for biotechnological application. This availability 42 
is enlarged here by the identification, heterologous production, purification and 43 
characterization of two new HMFOs from Pseudomonas nitroreducens and an 44 
unidentified Pseudomonas species. Compared to the previously known Methylovorus 45 
HMFO, the new enzyme from P. nitroreducens exhibits better performance for FDCA 46 
production in wider pH and temperature ranges, with higher tolerance to the hydrogen 47 
peroxide formed, longer half-life during oxidation, and higher yield and total turnover 48 
number in long-term conversions under optimized conditions. All these features are 49 
relevant properties for the industrial production of FDCA. In summary, gene screening 50 
 o
n
 June 9, 2020 by guest
http://aem
.asm
.org/
D
ow
nloaded from
 
 3 
and heterologous expression can facilitate the selection and improvement of HMFO 51 
enzymes as biocatalysts for the enzymatic synthesis of renewable building blocks in the 52 
production of bioplastics. 53 
 54 
Keywords: hydroxymethylfurfural, furandicarboxylic acid, database screening, 55 
Pseudomonas genes, Escherichia coli expression, flavooxidases, enzyme kinetics, 56 
enzyme stability, biotransformation, bioplastics 57 
 58 
INTRODUCTION 59 
5-Hydroxymethylfurfural oxidases (HMFO, EC 1.1.3.47) are flavoenzymes of 60 
biotechnological interest, classified in the superfamily of glucose-methanol-choline 61 
oxidases and dehydrogenases (GMC) (1). The importance of these enzymes resides in 62 
their ability to catalyze the three consecutive oxidation steps for the production of 2,5-63 
furandicarboxylic acid (FDCA) from 5-hydroxymethylfurfural (HMF) with the only 64 
need of molecular oxygen as cosubstrate. The final product, FDCA, is reported as a 65 
building block for the production of renewable and biodegradable plastics, through its 66 
polymerization into poly(ethylene-2,5-furandicarboxylate) (PEF) (2) that is expected to 67 
substitute for petroleum-derived poly(ethylene-terephthalate) (PET) plastics in the near 68 
future. 69 
HMF-oxidizing activity was first identified in Cupriavidus basilensis strain HMF14 70 
(3,4), and more recently in Pseudomonas putida strain ALS1267 (5), with their 71 
metabolic pathways being characterized. The hmfH gene of C. basilensis encodes a 72 
HMFO (UniProt D5KB61) that contributes to HMF conversion into FDCA, while the 73 
lack of this gene in P. putida suggests that in this species the conversion of HMF is 74 
catalyzed by different enzymes. The only HMFO characterized to date is that from 75 
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 4 
Methylovorus sp strain M688 (MetspHMFO), a homologue of the enzyme encoded by 76 
the hmfH gene of C. basilensis, that was produced in Escherichia coli (6). This 77 
flavoenzyme, with a FAD molecule as prosthetic group, is active on primary alcohols, 78 
primary thiols and hydrated aldehydes (6,7). Its catalytic mechanism, similar to that of 79 
other GMC oxidases (8-11), involves a proton transfer from the hydroxyl (or thiol) 80 
group to a conserved catalytic base, MetspHMFO His467 (12), and the hydride 81 
abstraction from the substrate α-carbon by the oxidized flavin. The reduced flavin is 82 
then reoxidized by molecular oxygen yielding hydrogen peroxide as by-product (13). 83 
The reported activity of HMFO on furfuryl alcohols and aldehydes makes this 84 
enzyme a suitable biocatalyst for the production of FDCA from HMF, which takes 85 
place through the hydrated 2,5-diformylfuran (DFF) and 2,5-formylfurancarboxylic acid 86 
(FFCA) gem-diol intermediates (Fig. 1) (14). Other oxidases, such as galactose oxidase 87 
(GAO) from Dactylium dendroides and glyoxal oxidase (GLOX) from Pycnoporus 88 
cinnabarinus, have also been reported to act on furfural derivatives, but their activity is 89 
restricted to the alcohol or the aldehyde groups, respectively (15). A recent study has 90 
demonstrated the ability of aryl-alcohol oxidase (AAO) from Pleurotus eryngii to 91 
catalyze the separate oxidation of HMF, DFF and FFCA, although the complete 92 
oxidation of HMF by AAO stops at the FFCA level, due to inhibition of the last 93 
oxidation step by the peroxide generated in the two first reactions (16). More recently, a 94 
new copper-radical oxidase from Colletotrichum graminicola has been described as an 95 
AAO-type enzyme, and reported to oxidize HMF into DFF and 5-96 
hydroxymethylfurancarboxylic acid (HMFCA) into FFCA without detected activity on 97 
the aldehyde groups of these compounds (17). Due to the above characteristics, an 98 
efficient production of FDCA by the last oxidases requires the combination of several 99 
enzymes, such as the AAO/chloroperoxidase (18), AAO/peroxygenase (15,19), GAO/ 100 
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 5 
peroxygenase (15,20), GLOX/AAO (21) or AAO/catalase (16) couples, already 101 
reported. Therefore, MetspHMFO is the only enzyme described to date able to perform 102 
by itself (i.e. without the concourse of a second enzyme) the three oxidation steps for 103 
FDCA production from HMF. In the recent years, several strategies have been followed 104 
to increase the MetspHMFO performance for FDCA bioproduction, such as its 105 
coexpression with the HmfH enzyme oxidizing HMF by the HMFCA route (3) in 106 
whole-cell systems (22), directed mutagenesis of MetspHMFO (23) or its combination 107 
with lipase in an enzymatic cascade (24).  108 
Taking into account the good performance and promising use of HMFO for FDCA 109 
production, in the present study we have focused first on the search for new HMFOs in 110 
databases. Then, as a result of Escherichia coli expression trials with four hmfo genes, 111 
two new enzymes from Pseudomonas nitroreducens and an unidentified Pseudomonas 112 
strain (25) have been purified and characterized, and their oxidative activity on HMF 113 
has been analyzed in short- and long-term reactions.  114 
 115 
RESULTS 116 
Identification of new HMF-oxidizing enzymes. BLASTing the amino-acid 117 
sequence of MetspHMFO (UniProt E4QP00) against the non-redundant protein 118 
sequences in GenBank revealed 41 entries with identity >45%, all of them from the 119 
phylum Proteobacteria (Fig. 2). The largest number of HMFOs was found in the 120 
Pseudomonas (12 sequences), Bradyrhizobium (9 sequences) and Methylobacterium (8 121 
sequences) genera, and those with the highest homology with MetspHMFO were 122 
HMFOs from Methylophylus, Pseudomonas and Burkholderia species with more than 123 
60% identity with the query (Table S1).  124 
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 6 
All the above sequences conserve the ADP-binding domain, and the consensus 125 
sequences PS00623 and PS00624, typical of the GMC oxidoreductase superfamily (1) 126 
(Fig. S1). A more detailed analysis of conserved active-site amino acids (Fig. 3) reveals 127 
that all of them include the same histidine and asparagine residues, MetspHMFO 128 
His467 and Asn511, at the catalytic positions described for the latter enzyme (12). 129 
Asn102, Trp369 and Trp466 are also fully conserved, while substitutions are often 130 
observed at Met103, involved in the correct orientation of the substrate with respect to 131 
the active site, and at Val367, described as a site for improving the activity on carboxyl-132 
containing substrates (12). From this repertoire of enzymes, four HMFO sequences 133 
from the two main HMFO clusters (Fig. 2) —one from P. nitroreducens (PseniHMFO), 134 
one from Pseudomonas sp 11/12A (PsespHMFO), one from Xanthobacter sp 126 135 
(XanspHMFO) and one from Bradyrhizobium arachidis (BraarHMFO)— were selected 136 
and optimized for E. coli expression to produce them as recombinant proteins, together 137 
with MetspHMFO.  138 
Expression and purification of two new HMFOs. The four optimized genes 139 
(Table S2) were cloned into the pET23b and/or the His-tagged pET28a plasmids and 140 
transformed in E. coli C41(DE3). XanspHMFO and BraarHMFO could not be 141 
expressed neither using the pET23b nor the pET28a vectors, while PseniHMFO and 142 
PsespHMFO were purified and characterized after pET28a and pET23b expression, 143 
respectively. To evaluate whether the His-tag affects the properties of HMFOs, the 144 
optimized gene encoding MetspHMFO (Table S2) was also cloned into both plasmids, 145 
and the tagged/untagged forms were characterized in parallel. The four proteins were 146 
expressed as soluble active enzymes by slow induction at 16°C during 72-96 h.  147 
Untagged MetspHMFO and PsespHMFO were purified to electrophoretic 148 
homogeneity (Fig. S2a and c, respectively) by two anion-exchange chromatographic 149 
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 7 
steps (see conditions in Table S3) yielding 34 and 10 mg of protein per liter of culture, 150 
respectively (Table 1). For the His-tagged proteins, anionic chromatography after the 151 
affinity chromatographic step provided pure enzyme (Fig. S2b and d), with yields of 17 152 
and 47 mg of protein per liter of culture of MetspHMFO
His
 and PseniHMFO
His
, 153 
respectively (Table 1). The specific activities of the purified enzymes were 3.3-3.6 154 
U·mg
-1
 for MetspHMFO (similar for the untagged and the His-tagged forms), 2.0 U·mg
-
155 
1
 for PsespHMFO, and 0.2 U·mg
-1
 for PseniHMFO
His
. Vanillyl alcohol was used for the 156 
above activity estimations since it is oxidized with the highest catalytic efficiency, as 157 
described below. 158 
The molecular weights (MW) of the different HMFOs, measured by matrix-assisted 159 
laser desorption and ionization-time of flight (MALDI-TOF) mass spectrometry, were 160 
~57 kDa (Table 2), in good agreement with the theoretical masses calculated from their 161 
amino-acid sequences (Table S1). This indicates that HMFOs are not purified as 162 
covalently-bound dimeric enzymes. Also, the experimental isoelectric point (pI) values 163 
of 6.0–6.5 were similar to the theoretical ones (as shown in the above tables).  164 
HMFO spectral properties. The secondary structure of the enzymes was 165 
evaluated by circular dichroism (CD) (Fig. S3a). The far-UV spectra showed a 166 
minimum at ~222 nm, typical of α-helix structure, being more intense in the 167 
MetspHMFO and PsespHMFO spectra. The content in α-helix (27-47%), β-sheets (11-168 
20%) and turns (20-24%) was obtained by deconvolution of the CD spectra (Table S4). 169 
As shown for MetspHMFO
His
, the molar ellipticity per residue (MER) intensity revealed 170 
α-helix decrease (from 37% to 27%) and increase of unordered structure (from 26% to 171 
37%) in the His-tagged enzymes.  172 
The enzymes showed UV-visible spectra characteristic of FAD-containing proteins 173 
(Fig. S3b and Table 2). Two peaks at 382-387 nm (band II) and 456-457 nm (band I) 174 
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 8 
with a shoulder at 483 nm and A279/A457 ratios of ~10 were observed, indicating the 175 
proper incorporation of the cofactor. The calculated extinction coefficients at the band-I 176 
maximum (εband-I) of MetspHMFO, MetspHMFO
His
, PsespHMFO and PseniHMFO
His
 177 
were 11271, 11667, 11432 and 12060 M
-1
·cm
-1
, respectively. These values were used to 178 
estimate the corresponding enzyme concentrations.  179 
Temperature and pH stability. As an estimation of thermostability, the melting 180 
temperature (Tm) for each enzyme was calculated from the changes of FAD 181 
fluorescence using the ThermoFAD assay (26). The denaturation curves indicated a Tm 182 
of 48ºC for the enzyme from Methylovorus (both MetspHMFO and MetspHMFO
His
), 183 
while PsespHMFO and PseniHMFO appeared 8ºC and 4ºC less stable, respectively 184 
(Fig. 4a and Table 2). 185 
To determine the range of pH in which the enzymes are active, we measured the 186 
residual activity on vanillyl alcohol after 72-h incubation under different pH conditions. 187 
The enzyme from Methylovorus (both MetspHMFO and MetspHMFO
His
) was quite 188 
stable at pH 6–9, conserving 70–85% activity (Fig. 4b). At pH 10, the activity of 189 
MetspHMFO and MetspHMFO
His
 decreased to only 5% and 24% activity, respectively, 190 
while PseniHMFO
His
 kept ~65-70% of its initial activity between pH 6 and 10. The 191 
range in which PsespHMFO was stable was slightly narrower, pH 6–8, with only ~10% 192 
activity and total activity loss at pH 9 and pH 10, respectively. Out of these pH ranges, 193 
the activity of all the enzymes decreased abruptly in the first 24 h (data not shown). 194 
Optimal temperature and pH. The pH and temperature optima were also 195 
calculated with vanillyl alcohol as substrate. PsespHMFO and PseniHMFO
His
 attained 196 
their maximal activities at 35–40ºC and 40–45ºC, respectively, and decreased to 50% 197 
below 15ºC and 25ºC, respectively, and above 50ºC (Fig. 4c). Similar profiles were 198 
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 9 
observed for MetspHMFO, which attained its maximal activity at 45ºC and kept more 199 
than 80% activity between 25–45ºC (20–50ºC for MetspHMFOHis). 200 
With regard to pH, none of the enzymes were active below pH 5 (Fig. 4d). The 201 
optimum for MetspHMFO (both for the untagged and His-tagged enzymes) was at pH 202 
7.0, retaining ~70% of its activity at pH 6.5–8.0. Similarly, PsespHMFO showed its 203 
maximal activity at pH 7.5-8.0 and still 80% at pH 7–12. Although at basic pHs the 204 
initial rates for MetspHMFO and PsespHMFO were high, the velocities abruptly 205 
decayed after a few seconds due to enzyme inactivation. However, PseniHMFO
His
 206 
exhibited a quite different pH behavior since it was more active at basic pH, with the 207 
maximal value at pH 10.0. Below pH 9.0 and above pH 11.0 its activity decreased to 208 
less than 80%. 209 
Effect of H2O2 on HMFOs stability. Since during HMFO activity hydrogen 210 
peroxide is produced from O2 reduction, we evaluated the effect that different amounts 211 
of H2O2 (0.5–7.8 mM) have on the enzyme stability. The results of MetspHMFO and 212 
MetspHMFO
His
 suggest that the His-tag has a positive effect on enzyme stability, even 213 
in the absence of H2O2 (Fig. 5a and 5b). Also PseniHMFO
His
 was more stable to 214 
peroxide than MetspHMFO keeping around 70% of its activity after 96 h in all the 215 
concentrations tested (Fig 5d). By contrast, PsespHMFO was the least stable enzyme 216 
(Fig 5c). In fact, low peroxide amounts (0.5–2.6 mM) had a slight stabilizing effect on 217 
PsespHMFO, while at the highest concentration the activity decreased to only 10%.  218 
Kinetic parameters for oxidation of HMF and its DFF and FFCA derivatives. 219 
The kinetic parameters for oxidation of vanillyl alcohol and furfuryl substrates —HMF, 220 
DFF and FFCA— were determined for the four enzyme preparations (Table 3). The 221 
untagged and His-tagged MetspHMFO showed similar kcat and Km values for vanillyl 222 
alcohol (measured by direct spectrophotometric estimation of the aldehyde product). 223 
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 10 
PsespHMFO oxidized vanillyl alcohol with similar catalytic efficiency (kcat/Km) to the 224 
enzyme from Methylovorus sp, while PseniHMFO
His
 was less efficient oxidizing this 225 
substrate (with ~28-fold lower values than the other enzymes). 226 
Oxidation of HMF and DFF was followed by H2O2 release, using a coupled assay 227 
with horseradish peroxidase (HRP) at pH 7.0 (which is close to the HRP optimum). 228 
HMF was the best furfuryl substrate for all the enzymes. MetspHMFO and PsespHMFO 229 
showed similar kcat values with a significant increase in the Km for PsespHMFO, while 230 
for PseniHMFO
His
 the Km was lower. Efficiencies for HMF oxidation by PsespHMFO 231 
and PseniHMFO were ~4-fold lower than for MetspHMFO. Concerning DFF oxidation, 232 
it was in all cases 10-14 fold slower than that of HMF, showing the PsespHMFO 233 
enzyme a positive-cooperative effect (nH = 2.4), and again a Km value significantly 234 
higher than for the rest of the enzymes.  235 
Due to the very slow FFCA oxidation, the kinetic parameters for this compound 236 
could not be calculated in a continuous assay. Therefore, the production of FDCA was 237 
followed by HPLC during 48-h incubation with increasing concentrations of FFCA at 238 
25ºC, and pH 7.0. The enzyme from Methylovorus showed strong substrate inhibition at 239 
FFCA concentrations higher than 3 mM. This made impossible to assess the kinetic 240 
parameters, as no saturation by FFCA was attained, and only kobs/concentration values 241 
were estimated for efficiency comparison. The FFCA inhibitory effect was much milder 242 
for the enzymes from Pseudomonas, and saturation was attained due to the lower Km 243 
values. These results showed that the FFCA oxidation efficiencies of PseniHMFO
His
 244 
and PsespHMFO are 1.4- and 2.2-fold, respectively, higher than those of MetspHMFO. 245 
However, the differences in catalytic efficiencies for FFCA oxidation with regard to 246 
those for HMF and DFF were significant lower in PseniHMFO
His
 and PsespHMFO than 247 
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 11 
in MetspHMFO. This suggests a more efficient overall oxidation of HMF to produce 248 
FDCA by the Pseudomonas enzymes.  249 
HMF conversion: effect of pH and temperature. Taking into account the similar 250 
kinetic parameters of MetspHMFO and MetspHMFO
His
, and the higher stability to H2O2 251 
of the latter form, the following experiments with this enzyme were performed with the 252 
His-tagged form. As MetspHMFO
His
, the enzymes from Pseudomonas were able to 253 
oxidize HMF to FDCA catalyzing the three reaction steps. Taking into account their pH 254 
and temperature profiles (Fig. 4c and 4d), the conditions for HMF conversion by each 255 
enzyme were investigated in 72-h reactions (Fig. 6). Maximal FDCA production was 256 
achieved at pH 7.0, pH 7.5 and pH 8.0 for MetspHMFO
His
, PsespHMFO and 257 
PseniHMFO
His
, respectively (Fig 6a). Under optimal pH conditions, MetspHMFO
His
 258 
and PsespHMFO showed half-lifes (t1/2) of 55 and 38 h, respectively, while 259 
PseniHMFO
His
 was more stable with a remarkable t1/2 of ~100 h (Fig. 6b). Out of their 260 
optimal pH conditions, MetspHMFO
His
 and PsespHMFO reduced their half-life, while 261 
PseniHMFO
His
 was quite stable in the range of pH 6–8 (Fig. S4, left).  262 
Concerning temperature, PseniHMFO
His
 and PsespHMFO kept maximal FDCA 263 
production (around 45% and 30%, respectively) in the range of 16–28ºC, while 264 
MetspHMFO
His
 showed the maximal production in the 24-28ºC range (Fig. 6c) (all 265 
reactions at optimal pH). At 28ºC, the t1/2 values for the three HMFOs were 61, 27 and 266 
143 h for MetspHMFO
His
, PsespHMFO and PseniHMFO
His
, respectively (Fig. 6d). 267 
Above 28ºC, MetspHMFO
His
 and PsespHMFO decreased the FDCA yields (Fig. 6c) 268 
due to enzyme inactivation, as shown by the t1/2 decreases (Fig. S4, right). 269 
PseniHMFO
His
 was the most thermostable enzyme for FDCA production (Fig. S4f), 270 
with t1/2 values higher than 100 h in the range of 16–28ºC and around 90 h at 30 and 271 
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34ºC. Even at 38ºC, when the two other enzymes showed t1/2 values  4 h, 272 
PseniHMFO
His
 had a t1/2 of 15 h. 273 
FDCA production: kinetics and long-term conversions. Taking into account the 274 
above results, oxidation of HMF by the different HMFOs was followed first along 1 h at 275 
25ºC and the optimal pH of each enzyme (Fig 7). For all of them, oxidation of HMF 276 
was faster than that of DFF (k(HMFDFF)/k(DFFFFCA) ~7-, 6- and 13-fold faster for 277 
MetspHMFO
His
, PsespHMFO and PseniHMFO
His
, respectively) being PseniHMFO
His
 278 
the less efficient in these conversions, as expected from the HMF and DFF steady-state 279 
parameters (Table 3). For FFCA oxidation, reactions were followed during 4 days 280 
under the same conditions. As expected, this reaction resulted to be the limiting step for 281 
FDCA production with k(FFCAFDCA) values of 0.0078, 0.0052 and 0.0092 h
-1
 for 282 
MetspHMFO
His
, PsespHMFO and PseniHMFO
His
, respectively, indicating a more 283 
efficient FFCA oxidation by PseniHMFO
His
, that would be, therefore, the best enzyme 284 
for application. 285 
Finally, long-term conversion of HMF was followed during 4 days (Fig. 8) at 28ºC 286 
and the optimal pH for each enzyme. With a substrate/enzyme molar ratio of 300, the 287 
highest FDCA production was achieved by PseniHMFO
His
 with near complete 288 
conversion into FDCA after 96-h reaction, while for MetspHMFO
His
 and PsespHMFO 289 
the yields were 89% and 65%, respectively (Table 4). Interestingly, under these 290 
conditions, PseniHMFO
His
 showed a significantly higher half-life value (of 150 h) than 291 
the other enzymes (~40-60 h), and higher total turnover number (TTN) for FDCA 292 
production  293 
 294 
DISCUSSION 295 
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HMFO screening, heterologous expression and purification. HMFO from 296 
Methylovorus sp MP688 (MetspHMFO) is the only enzyme described to date directly 297 
related to HMF oxidation. This connection was established due to its homology with the 298 
related HmfH protein that forms part of a gene cluster involved in HMF metabolism in 299 
C. basilensis (3,6). In the present study, new HMFOs from P. nitroreducens and 300 
Pseudomonas sp are described, after their production as recombinant proteins. These 301 
two HMFOs, together with others from Xanthobacter sp and B. arachidis that could not 302 
be produced in E. coli, had been selected from a total of 41 HMFO-like sequences 303 
analyzed after database search for homology with MetspHMFO. Although an earlier 304 
attempt to express the gene responsible for HMF oxidation by C. basilensis and a 305 
homologous gene from Paraburkholderia phytofirmans was done, only MetspHMFO 306 
had been successfully produced as a functional protein (6) to date. Here, the two 307 
sequences from Pseudomonas, with 63–64% identity with the MetspHMFO sequence, 308 
were heterologously expressed in E. coli as active soluble enzymes, together with 309 
MetspHMFO. The three recombinant HMFOs appeared as monomeric proteins, in 310 
agreement with a previous report on the latter enzyme (12), and were purified with good 311 
yields increasing to three the number of members of the HMFO family currently 312 
available. 313 
New information on MetspHMFO. Comparison of the results obtained here for 314 
the Methylovorus enzyme purified without and with a His-tag (MetspHMFO and 315 
MetspHMFO
His
) indicated that the tag does not perturb the incorporation of the cofactor, 316 
as shown by the UV-visible spectra. Moreover, deconvolution of the CD spectra 317 
indicated an increase in the unordered structure, consistent with 90% of the His-tag 318 
being disordered (27), and a slight decrease in the α-helix content. Neither activity nor 319 
the main physico-chemical parameters were affected by the presence of the His-tag, but 320 
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a positive effect on stability to H2O2 was found for the tagged MetspHMFO enzyme. 321 
This would represent an advantage for enzymes generating H2O2 that, as reported for 322 
other oxidases of the same superfamily, can inhibit the enzyme reactions or the enzyme 323 
itself (28,29). 324 
The kinetic parameters for vanillyl alcohol oxidation by MetspHMFO were similar 325 
to those previously reported for the same enzyme (14). However, the reported kcat values 326 
for HMF and DFF were significantly higher (594 min
-1
 and 96 min
-1
, respectively) than 327 
those obtained in the present study. Considering the steady-state kinetic parameters 328 
obtained here, the estimated time for HMF and DFF consumption would be 7 and 98 329 
min, respectively, which is consistent with the results obtained in 1-h reactions (1.5 mM 330 
HMF and 2.5 µM HMFO). By contrast, Dijkman et. al. (14) still detected DFF after 1 h 331 
of reaction between 2 mM HMF or DFF and 1 µM HMFO while, according to their kcat 332 
value, all DFF should be consumed in ~20 min. In any case, the kcat and Km values for 333 
oxidation of these furfural derivatives by the MetspHMFO produced here are in the 334 
same order as the previously reported for other oxidases acting on these substrates, such 335 
as AAO (19) and GLOX (21). Regarding FFCA, the catalytic efficiency estimated as 336 
kobs/[FFCA] was of the same order as the previously reported for MetspHMFO (12), 337 
although the strong inhibition by FFCA (above 3 mM concentration) has not been 338 
described before.  339 
Properties of two new HMFOs. The new enzymes from Pseudomonas were able 340 
to directly produce FDCA from HMF with slight differences in their optimal reaction 341 
conditions, such as the higher activity and stability of PseniHMFO under slightly 342 
alkaline conditions. Although the new HMFOs do not show more activity on HMF and 343 
DFF than MetspHMFO, it is important to mention that they show higher efficiency for 344 
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FFCA oxidation, the rate-limiting step in FDCA production by HMFO (14) and other 345 
oxidases (16). 346 
Strikingly, in terms of efficiency, PsespHMFO showed similar values for FFCA 347 
oxidation to those observed for DFF oxidation. The cooperative effect for DFF 348 
oxidation by this enzyme can be attributed to slow conformational changes that 349 
accompany substrate binding or product release. Similar cooperative effects have been 350 
described for other monomeric enzymes with single ligand-binding sites (30,31). 351 
In the case of PseniHMFO, the efficiency for FFCA oxidation was only half of that 352 
of DFF oxidation. The above results contrast with the much lower efficiency observed 353 
for MetspHMFO (FFCA oxidation 10-fold lower than DFF oxidation). The 354 
comparatively higher speed in rate-limiting FFCA oxidation by PseniHMFO results in 355 
higher final yields of FDCA in HMF bioconversions under optimized conditions. 356 
Moreover, its higher tolerance to the H2O2 produced during the three oxidation steps 357 
results in a higher enzymatic stability during turnover increasing its half-life. This 358 
stability provides an important advantage since oxidases are often inhibited by high 359 
amounts of H2O2. Thus, our data reveal PseniHMFO as a robust and suitable biocatalyst 360 
for prolonged incubations, due to its longer half-life in a wider range of pH and 361 
temperatures and H2O2 concentration. 362 
Analysis of HMFO molecular models. Molecular modeling of PsespHMFO and 363 
PseniHMFO was undertaken at the Swiss-Model server (32) using the MetspHMFO 364 
crystal structure (PDB 4UDP) (12) as template. The predicted secondary structures were 365 
similar, as expected from their far-UV CD spectra. 366 
However, inspection of their active sites revealed subtle differences in the 367 
environment (less than 6 Å) of the reactive N5 of FAD. Interestingly, in the 368 
MetspHMFO crystal structure a water molecule is located at 3.7 Å of the above N atom 369 
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and at 4.6 Å of the catalytic His467 (Fig. 9a) at a position that is most probably 370 
occupied by the substrates during catalysis. Concerning neighbor residues, the pair 371 
Met103-Val104 in MetspHMFO (Fig. 9a) is replaced by Met103-Met104 in 372 
PsespHMFO (Fig. 9b) and by Val104-Leu105 in PseniHMFO (Fig. 9c). These two 373 
positions follow an active-site asparagine, which is totally conserved in the GMC 374 
superfamily (1) as part of the conserved PS00623 sequence. Directed mutagenesis of 375 
MetspHMFO revealed how the M103A substitution significantly modified the enzyme 376 
turnover (for vanillyl alcohol) due to substrate-pocket modification (12). A free space, 377 
potentially-affecting the position of HMF and its partially-oxidized derivatives (DFF 378 
and FFCA) with respect to the flavin cofactor, could also exist in PseniHMFO with a 379 
valine at this position. 380 
The above differences do not include the presence of residues that could promote 381 
carbonyl activation in FFCA (33), as found in classical aldehyde-oxidizing 382 
oxidoreductases. However, changes in the flavin environment of PsespHMFO and 383 
PseniHMFO could modify the interaction of the flavin to the protein. Such interactions 384 
can modulate the redox potential of the oxidized isoalloxazine ring promoting the 385 
enzyme activity on less reactive substrates (34). 386 
 Pointing to the active-site cavity, Val367 is found in MetspHMFO. This residue is 387 
conserved in PsespHMFO, while Leu367 replaces the valine in PseniHMFO (Fig. 3). 388 
Interestingly, it has been reported that mutating this valine to arginine in MetspHMFO 389 
results in higher activity on FFCA (12), as found for PseniHMFO. However, the effect 390 
in the MetspHMFO variant is due to introduction of a basic (arginine) residue 391 
contributing to adequate positioning of the above acidic substrate, while the natural 392 
change in PseniHMFO would only slightly reduce the pocket size. 393 
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On the other hand, electrostatic potential surfaces of the three HMFOs showed 394 
differences in charge distribution around the entrance of the flavin-access channel (Fig. 395 
9d-f), which could also modulate the access of substrates. Namely, the electronegative 396 
region partially covering the channel entrance in MetspHMFO could difficult the access 397 
of acidic FFCA to the active site. However, the less electronegative entrance in 398 
PsespHMFO and especially in PseniHMFO would facilitate the entrance of this 399 
substrate, resulting in the observed higher activity of the new enzymes catalyzing the 400 
rate-limiting step in HMF conversion to FDCA. The solvent access surfaces also 401 
showed that, although the O2 substrate would more easily diffuse to attain the flavin 402 
ring of the buried cofactor in HMFOs, the entrance of the furfuryl reducing substrates 403 
through the narrow access channel will most probably involve some side-chain 404 
rearrangement at the residues forming the channel, as described in related AAO (35,36). 405 
Concluding remarks. Two enzymes from two Pseudomonas species have been 406 
added to the repertoire of HMFOs available, with only one member purified and 407 
characterized to date. The enzyme from P. nitroreducens is a promising candidate for 408 
HMF oxidation due to its higher catalytic efficiency for FFCA oxidation, the bottleneck 409 
for FDCA production, compared to the previously described MetspHMFO. More 410 
importantly, in the context of an industrial production of FDCA, additional advantages 411 
of the P. nitroreducens enzyme are its stability to H2O2 and its robustness for long-term 412 
incubations, as shown by its high t1/2 values under a wider range of pH and temperature 413 
conditions. This feature would facilitate the enzyme reuse and applicability in 414 
continuous operation for production of FDCA, as a building block for the production of 415 
bioplastics.  416 
 417 
MATERIALS AND METHODS 418 
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Chemicals. HMF was kindly provided by AVA Biochem. DFF, FDCA, vanillyl alcohol 419 
and vanillin were purchased from Sigma-Aldrich (St. Louis, MO, USA). FFCA was purchased 420 
from TCI America (Portland, OR, USA). AmplexRed® and horseradish peroxidase were 421 
obtained from Invitrogen (Walthem, MA, USA). 422 
Sequence search, phylogenetic analysis and structure modeling. The screening for 423 
search of HMFO-like sequences was performed by BLASTing the amino-acid sequence of 424 
MetspHMFO against the non-redundant protein sequences in the GenBank Multiple alignments 425 
of the enzymes found with Clustal Omega (37) were used to identify the conserved motifs (ADP 426 
binding domain, Prosite PS00623 and PS00624 sequences) in GMC proteins. The maximum 427 
likelihood phylogenetic tree was constructed by MEGA X with 100-iteration bootstrap (38) 428 
using the Whelan and Goldman (39) model of evolution using gamma-distributed rate variation 429 
with empirical amino-acid frequencies and invariant sites (WAG+F+I+G). Finally, structural 430 
homology models of the protein sequences were generated using the Swiss-Model server 431 
(https://swissmodel.expasy.org) (32), and PyMOL ver 2.033 (40) was used to examine the 432 
molecular structures obtained and generate solvent access electrostatic surfaces.  433 
Heterologous expression of HMFOs in E. coli. The codifying DNA sequences of the 434 
HMFOs from Methylovorus sp M668, P. nitroreducens and Pseudomonas sp 11/12A, 435 
Xanthobacter sp 126 and Bradyrhizobium arachidis (NCBI WP_013440946, WP_024766380, 436 
WP_047529632, WP_024277017 and WP_092217059, respectively) were manually optimized 437 
for E. coli expression, and synthesized by ATG:biosynthetics were subcloned from the pGH 438 
vector in the pET23b(+) or pET28a(+) expression vectors. C41(DE3) E. coli cells were used for 439 
expression. E. coli cells, containing the expression vectors, were grown overnight in LB broth 440 
supplemented with the corresponding antibiotic at 37°C under continuous shaking. These 441 
precultures were used to inoculate 1 L of LB (supplemented with the antibiotic) that was grown 442 
for 3-4 h at 37°C under continuous shaking until an OD500nm 0.9. Cultures were induced with 0.1 443 
mM isopropyl-β-D-thiogalactopyranoside, grown for 72-96 h at 16ºC and then harvested by 444 
centrifugation. Protein expression was monitored by sodium dodecyl sulfate–polyacrylamide 445 
gel electrophoresis (SDS–PAGE). 446 
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Purification of recombinant HMFOs. The bacterial pellets were resuspended in the 447 
corresponding lysis buffer (Table S3) and the mixtures were incubated with 0.1 mg/mL of 448 
DNaseI and 2 mg/mL lysozyme for 45 min. The solutions were sonicated and centrifuged to 449 
eliminate insoluble debris. 450 
MetspHMFO and PsespHMFO (untagged proteins) were purified in a ResourceQ 6 mL 451 
column (GE Healthcare) with a linear NaCl gradient (60–160 mM in 4 column volumes, CV) in 452 
50 mM Tris/HCl, pH 8.0 followed by a MonoQ 5/50 GL column in which the protein fractions 453 
were eluted with a NaCl linear gradient (0–70 mM in 10 CV) in 50 mM Tris/HCl, pH 8.0 454 
(Table S3).  455 
His-tagged fusion proteins (MetspHMFOHis and PseniHMFOHis) were purified by affinity 456 
chromatography in a HiTrapTM IMAC FF column (GE Healthcare) with a linear imidazole 457 
gradient (20 mM–300 mM in 6 CV) in 500 mM NaCl, 20 mM Tris/HCl, pH 7.5 followed by an 458 
anionic exchange chromatography with a ResourceQ column (GE Healthcare) with a NaCl 459 
linear gradient (0–500 mM in 5 CV) in 50 mM Tris/HCl, pH 7.5 (Table S3). 460 
The purified HMFOs were dialyzed against 50 mM Tris/HCl, pH 7.0, and stored at –80ºC, 461 
being stable for several months. 462 
Spectroscopic measurements. The UV-visible spectra of purified HMFOs were recorded 463 
between 250 and 700 nm in a Cary4000 spectrophotometer. Their extinction coefficients were 464 
calculated by heat denaturation (41) and estimation of the free FAD released (εband-I = 11300 465 
mM-1cm-1) (42). 466 
Far-UV CD spectra of HMFOs (5 μM) were recorded in a Jasco J-815 spectropolarimeter 467 
at 25 °C in 5 mM Tris/HCl, pH 7.0, with 0.1-cm path length. The spectra were analyzed with 468 
the CDPro programs SELCON3 (43), CDSSTR (44), and CONTINLL (45) to determine the 469 
secondary structure. 470 
MW and pI determination. MW was analyzed by MALDI-TOF mass spectrometry at the 471 
Proteomics and Genomics Facility of CIB (CSIC), a member of ProteoRed-ISCIII network. The 472 
experiments were performed in an Autoflex III MALDI-TOF/TOF instrument (Bruker 473 
Daltonics, Bremen, Germany) with a smartbeam laser. Samples dissolved in 50 mM Tris/HCl, 474 
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pH 7.0 were mixed with the matrix solution (3.5dimethoxy-4-hydroxycinnamic acid dissolved 475 
in a mixture of acetonitrile:01%:trifluoro acetic acid (1:2 v/v). External calibration was 476 
performed using bovine albumin (Sigma), covering the range from 20000 to 70000 Da.  477 
The pI was determined by 2D electrophoresis. The first dimension was run on immobilized 478 
pH gradient strips (pH 3-10 linear, 7 cm) (Bio-Rad) and the second dimension was run on 12% 479 
SDS-PAGE. Protein bands were stained with Colloidal Blue Staining Kit (Invitrogen).  480 
pH and H2O2 stability. The pH and H2O2 stabilities were estimated by incubating the 481 
enzymes (5–40 μM) in 100 mM Britton and Robinson (B&R) buffer at different pH values (pH 482 
4.0–9.0) or in presence of different H2O2 concentrations (0.5–7.8 mM) in 50 mM Tris/HCl, pH 483 
7.0. Residual activities were estimated by following the oxidation of saturating concentrations 484 
of vanillyl alcohol (3 mM) in 50 mM Tris/HCl, pH 7.0, at 25ºC, immediately after mixing and 485 
after 24-h, 48-h, and 72-h of incubation at 25°C. For each enzyme, the highest activity after 486 
mixing was taken as 100% activity, and the percentages of residual activity at the different times 487 
and conditions were calculated according to this maximal value. 488 
Thermal stability. The melting temperatures of the enzymes were analyzed by the 489 
ThermoFAD method (26). The increase in fluorescence due to FAD released as a consequence 490 
of enzyme unfolding was monitored with a real-time PCR thermocycler iQ5 (Bio-Rad). 491 
Denaturation curves were fitted to equation 1, describing a two-steps thermal denaturation 492 
equilibrium: 493 
𝐹 =  
𝐹𝑁+𝑚𝑁𝑇+(𝐹𝐷+ 𝑚𝐷𝑇)𝑒
−𝛥𝐺/𝑅𝑇
1+𝑒−𝛥𝐺/𝑅𝑇
    (1) 494 
where 𝛥𝐺 = 𝛥𝐻 (1 − (
𝑇
𝑇𝑚
)) − 𝛥𝐶𝑝 ((𝑇𝑚 − 𝑇) + 𝑇 ln (
𝑇
𝑇𝑚
 )) , FN and FD are the fluorescence 495 
signals of the native and denatured states, mN and mD are the slopes that describe their 496 
dependences with temperature, Tm is the melting temperature and ΔH and ΔCp are the enthalpy 497 
and specific heat of denaturation. 498 
Optimal pH and temperature. The optimal temperatures and pH values for vanillyl 499 
alcohol oxidation by HMFOs were determined by measuring the oxidation of saturating 500 
concentrations of the substrate (3 mM) in 50 mM Tris/HCl buffer, pH 7.0, at different 501 
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temperatures, between 4ºC and 70ºC, or in 100 mM B&R buffer in the range of pH 2.0 to 12.0. 502 
It was observed that the UV-visible spectra of vanillyl alcohol and vanillin changed with pH 503 
(Fig. S5a and S5b) (46). Thus in the case of the optimal pH the activity was measured using the 504 
extinction coefficient for vanillyl alcohol oxidation to vanillin calculated for each pH (Fig. S5c).  505 
Steady-state kinetics. Enzymatic activity was estimated by following the production of 506 
vanillin upon oxidation of vanillyl alcohol at 25°C in 50 mM Tris/HCl at the indicated pH in 507 
each case, using the corresponding extinction coefficient for vanillyl alcohol oxidation to 508 
vanillin (Fig. S5c).  509 
Steady-state kinetic parameters for HMF and DFF oxidation by HMFOs were calculated by 510 
monitoring the production of H2O2 during oxidation of the different substrates using a HRP-511 
coupled assay with AmplexRed® as final substrate in 50 mM Tris/HCl, pH 7.0, as previously 512 
described (16). 513 
The oxidation of FFCA was measured in end-time mode by incubating different 514 
concentrations of FFCA (0.4–6 mM) with the enzymes (1 µM) at 25ºC in 50 mM Tris/HCl 515 
buffer, pH 7.0. After 48 h, reactions were stopped by addition of 1 M HCl up to pH 2–3, and the 516 
products were quantified by HPLC as described below.  517 
In all cases, kinetic parameters were determined by fitting the initial reaction rates at 518 
different alcohol or aldehyde concentrations to the Michaelis-Menten equation (equation 2) or to 519 
the Hill equation (equation 3) using SigmaPlot software. 520 
𝑣0
[𝐸]
=
𝑘𝑐𝑎𝑡[𝑆]
𝐾𝑚+[𝑆]
      (2) 521 
𝑣0
[𝐸]
=
𝑘𝑐𝑎𝑡[𝑆]
𝑛
𝐾𝑚
𝑛 +[𝑆]𝑛
      (3) 522 
where kcat is the catalytic constant, Km is the Michaelis-Menten constant, and n is the Hill 523 
coefficient.  524 
HMF transformations. Long-term HMF oxidation by HMFOs was assayed using 2.5–5 525 
µM enzyme and 1.5 mM HMF in 50 mM Tris/HCl at the indicated pH and temperatures, under 526 
continuous shaking (300 rpm). Samples were taken at different times and reactions were 527 
stopped by HCl addition. The products of the reactions were analyzed by HPLC, using an ion-528 
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exchange Supelcogel C-610H column (300 x 7.8 mm, 9 µm of particle size, Sigma). 529 
Compounds were eluted with 5 mM H2SO4 at a flow rate of 0.75 mL/min and 30ºC. Under these 530 
conditions, the retention times of FDCA, FFCA, HMF and DFF were 15.5, 21.3, 30.2 and 37.3 531 
min, respectively. Detection of the different compounds was done at 264 nm and their 532 
quantification was performed using the corresponding calibration curves (16). Controls of the 533 
substrates in the absence of enzyme were treated in the same way to monitor eventual 534 
spontaneous oxidation.  535 
Residual activity of HMFOs along the reactions was measured just after taking aliquots, 536 
before addition of HCl, by monitoring their activity against vanillyl alcohol. The activity decay 537 
as a function of time was calculated from equation 4 allowing the estimation of the half-life 538 
(equation 5): 539 
 𝐻𝑀𝐹𝑂𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =     (4) 540 
 𝑡1/2 =
ln (2)
𝜆
      (5) 541 
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Fig. 1. Reactions for HMF conversion into FDCA by MetspHMFO. First, the alcohol 704 
group of HMF is oxidized resulting in DFF. Then, oxidation of the hydrated form (gem-705 
diol) of DFF gives FFCA. Finally, hydrated FFCA is converted into FDCA.  706 
 707 
Fig. 2. Maximum likelihood phylogenetic tree of 41 HMFO-like sequences in 11 708 
bacterial genera, from GenBank searching. The sequence used as Blast query is 709 
indicated with an arrow, and the four sequences optimized for E. coli expression are 710 
indicated with asterisks.  711 
 712 
Fig. 3. Conservation of residues around the HMFO active-site after alignment of 713 
sequences included in the phylogenetic tree. Non polar residues are colored in brown, 714 
aromatic residues are colored in red, basic residues are colored in blue and acidic 715 
residues are colored in green. The four new HMFO sequences optimized for gene 716 
expression in E. coli and that of MetspHMFO are labeled in orange and red color, 717 
respectively.  718 
 719 
Fig. 4. Thermal stability measured as melting temperature (a), pH stability after 72-h 720 
incubation, at 25ºC, in B&R buffer (pH 6–9) (b), and optimal temperature (c) and pH 721 
(d) (referred to the optimal value) for MetspHMFO (black), MetspHMFO
His
 (gray), 722 
PsespHMFO (cyan) and PseniHMFO
His
 (blue). All activities (b-d) were measured with 723 
vanillyl alcohol as substrate. 724 
 725 
Fig. 5. Effect of H2O2 on the stability of MetspHMFO (a), MetspHMFO
His
 (b), 726 
PsespHMFO (c), and PseniHMFO
His
 (d). Residual activities were measured with 727 
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vanillyl alcohol, after different incubation times with increasing amounts of H2O2 in 50 728 
mM Tris/HCl, pH 7.0, at 25ºC.  729 
 730 
Fig. 6. FDCA production after 72-h reaction of 1.5 mM HMF with 2.5 µM 731 
MetspHMFO (black), MetspHMFO
His
 (gray), PsespHMFO (cyan) and PseniHMFO
His
 732 
(blue) at different pH (a) and temperature (c) conditions, and residual activities along 733 
the reactions at the optimal pH (b) and 28ºC temperature (d).  734 
 735 
Fig 7. Time course of reaction of 1.5 mM HMF (a-c) or FFCA (d-f) with 2.5 µM 736 
MetspHMFO
His
 (a, d), PsespHMFO (b, e) and PseniHMFO
His
 (c, f) in 50 mM Tris/HCl, 737 
at the optimal pH for each enzyme, at 25ºC. Oxidation rates, estimated by fitting to 738 
equations [𝐻𝑀𝐹] = [𝐻𝑀𝐹]0𝑒
−𝑘1𝑡 , [𝐷𝐹𝐹] = [𝐻𝑀𝐹]0(
𝑘1
((𝑘2−𝑘1)
)(𝑒−𝑘1𝑡 − 𝑒−𝑘2𝑡)  and 739 
[𝐹𝐹𝐶𝐴] = [𝐹𝐹𝐶𝐴]0𝑒
−𝑘1𝑡, are indicated.  740 
 741 
Fig. 8. FDCA production from HMF (1.5 mM) by the MetspHMFO (gray), 742 
PsespHMFO (cyan) and PseniHMFO (blue) enzymes (5 µM) in 50 mM Tris/HCl at 743 
28ºC and the optimal pH for each of them. Means and standard deviations. 744 
 745 
Fig. 9. Details of the active site of MetspHMFO (left), PsespHMFO (middle), and 746 
PseniHMFO (right). a-c) Residues at less than 6 Å of the reactive N5 atom of FAD 747 
cofactor (CPK-colored sticks) with those differing from MetspHMFO underlined 748 
(distances from His467 and flavin ring to water2176 red sphere are shown in a). d-f) 749 
Semi-transparent solvent-access surfaces colored by electrostatic potential (red, 750 
negative; blue, positive) around the flavin access channel (water2176 inside the channel 751 
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is shown in d). From 4UDP crystal structure (12) (a and d) and homology molecular 752 
models (32) (b, c, e and f). 753 
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 754 
Table 1. Summary of purification processes of recombinant HMFOs (from 1 liter of E. coli culture).  
  
Total 
protein 
(mg) 
Total 
activity 
(U)
 a
 
Specific 
activity 
(U/mg) 
Purification 
(fold) 
Yield 
(%) 
MetspHMFO Crude extract 1660 284 0.17 1.0 100 
 ResourceQ 71 187 2.62 15.4 66 
 MonoQ 34 120 3.57 21.0 42 
MetspHMFO
His b
 Crude extract 1910 100 0.05 1.0 100 
 HiTrap 31 81 2.65 50.4 81 
 MonoQ 17 56 3.30 62.9 56 
PsespHMFO Crude extract 1720 138 0.08 1.0 100 
 ResourceQ 50 71 1.42 17.8 52 
 MonoQ 10 20 2.02 25.2 15 
PseniHMFO
His b
 Crude extract 1650 12 0.01 1.0 100 
 HiTrap 103 10 0.09 12.6 79 
 MonoQ 47 8 0.16 22.2 63 
aMeasured with vanillyl alcohol in 50 mM Tris/HCl, pH 7.0, at 25ºC. 
b
His-tagged proteins. 
 755 
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 757 
Table 2. Spectroscopic and physico-chemical properties of recombinant HMFOs.
a
 
 Spectroscopic properties
b 
 Physico-chemical properties
c 
 
λband II 
(nm) 
λband I 
(nm) 
εband I  
(M
-1
cm
-1
) 
A278/Aband I  
MW    
(Da) 
pI 
Tm               
(ºC) 
MetspHMFO 387 457 11271 10.7  57547.0 6.5 47.93 ± 0.02 
MetspHMFO
His
 387 457 11667 10.9  57854.3 6.6 47.77 ± 0.06 
PsespHMFO 387 457 11432 10.4  56945.2 6.1 40.05 ± 0.18 
PseniHMFO
His
 382 456 12060 10.1  58863.5 6.5 43.80 ± 0.21 
aMeasured in 50 mM Tris/HCl, pH 7.0, at 25ºC. bSee Fig. S3b. cMW, pI and Tm estimated by MALDI-TOF, 
isoelectric focusing and ThermoFAD assay, respectively. 
 758 
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 760 
Table 3. Steady-state kinetic constants ─kcat (min
-1
), Km (mM), and kcat/Km (mM
-1
min
-1)─ for the oxidation 
of vanillyl alcohol, HMF, DFF and FDCA by HMFOs at 25ºC
a
. 
  MetspHMFO MetspHMFO
His
 PsespHMFO PseniHMFO
His
 
Vanillyl alcohol 
 
kcat 1170 ± 80 1190 ± 50
 
483 ± 17 60 ± 3 
Km 0.5 ± 0.1 0.6 ± 0.03 0.2 ± 0.03 0.8 ± 0.2 
kcat/Km 2170 ± 330 1960 ± 150 2060 ± 270 78 ± 17 
HMF 
 
kcat 82.5 ± 1.6 96.4 ± 3.8
 
61.9 ± 6.5 14.3 ± 0.9 
Km 9.1 ± 0.7 6.8 ± 0.8 21.7 ± 4.7 5.1 ± 1.1 
kcat/Km 9.1 ± 0.8 14.1 ± 1.8 3.0 ± 0.8 2.8 ± 0.6 
DFF 
 
kcat 6.1 ± 0.2 2.5 ± 0.3 6.2 ± 0.7
b
 1.0 ± 0.1 
Km 6.8 ± 0.6 4.8 ± 1.9 38.9 ± 4.8
b
 4.8 ± 1.9 
kcat/Km 0.9 ± 0.1 0.6 ± 0.1 0.15 ± 0.03
b
 0.2 ± 0.08 
FFCA 
 
kcat -- -- 0.11 ± 0.02 0.05 ± 0.01 
Km -- -- 0.7 ± 0.4 0.6 ± 0.3 
kcat/Km 0.065 ± 0.004
c
 0.065 ± 0.005
c
 0.14 ± 0.08 0.09 ± 0.05 
aMeasured in 50 mM Tris/HCl, pH 7.0, except for vanillyl alcohol oxidation by PsespHMFO and PseniHMFOHis 
that were measured at optimal pH 8 and 10, respectively. 
bData fitted to Hill equation (n = 2.4 ± 0.5). 
cDue to substrate inhibition, MetspHMFO and MetspHMFOHis were not saturated, and only a kobs/[FFCA] value was 
obtained. 
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 763 
Table 4. Catalytic performance parameters for the production of FDCA 
from HMF (1.5 mM) by HMFOs (5 µM) in 50 mM Tris/HCl at 28ºC after 
96 h of reaction.  
 
Optimal 
pH 
Half-life   
(h) 
TTN 
FDCA 
production (%) 
MetspHMFO
His
 7.0 61 802 89 ± 4 
PsespHMFO 7.5 40 584 65 ± 9 
PseniHMFO
His
 8.0 150 891
 
99 + 7 
 764 
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FIG. 1 766 
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FIG. 2 772 
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FIG. 3 778 
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FIG. 4 784 
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FIG. 5 790 
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FIG. 6 796 
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FIG. 7 803 
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FIG. 8 809 
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FIG. 9 815 
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